From 1899 to 1902 he studied metallurgy at the Royal School of Mines under Roberts-Austen. He spent several months at the Royal Mint, gaining experience in research under RobertsAusten, and then became lecturer in metallurgy and demonstrator in chemistry at the Sir John Cass Institute. After two years of teaching work he resigned to take up a position as metallurgist and assayer with a tin syndicate in Burma, making an extensive tour in prospecting for minerals, especially wolfram, and in learning the processes of extraction of gold and tin from their ores. On returning to England he lectured for a time in Birmingham University, and in 1907 became lecturer in metallurgy in Liverpool University. It was here that his long connexion with the subject of corrosion began. His earliest work, however, was on brass and other alloys of copper, his first paper, jointly with O. F. Hudson, being on the mechanism of annealing. Comparing the mechanical properties of the copper alloys with their micrographic structure, it was shown that the alpha alloys and those containing both the alpha and beta phases were malleable, and that the second group could be worked hot, but that the smallest quantity of the gamma phase made the alloys brittle. A short paper added to the knowledge of the alloys of copper with arsenic. A series of experiments on the mechanical properties of copper and its alloys at high temperatures led to interesting conclusions. Bengough found that the curves connecting tensile strength and temperature changed their direction rather abruptly at some temperature characteristic of the material. Above that critical range the metal was much softer and yielded in the manner of a viscous fluid. It also produced sounds during stretching resembling the 'cry' of tin bent at the ordinary temperature. Bengough suggested that below the critical range the crystal grains of a metal were separated by an 'amorphous' layer, similar to the layer postulated by Beilby as being formed on crystal planes during slip. The inter crystalline layer, devoid of regular lattice arrangement, might be due either to balanced attractions from the adjoining crystal lattices or to strains caused by contraction. This conclusion had been arrived at independently by Rosenhain, who attributed the existence of this layer to the first of the causes mentioned.
ture was raised, until the strength-temperature curves crossed, and at still higher temperatures the intercrystalline layer yielded more readily than the crystal grains, between which the fracture now occurred. Zay Jeffries later proposed the term 'equi-cohesive temperature' for the point at which the curves crossed. The hypothesis accounted satisfactorily for the difference in strength of fine-grained and coarse-grained metals, for intercrystalline failure on prolonged loading (on account of the viscous character of the amorphous material) and for differences in the character of the fracture in hot and cold metals. Modern knowledge of the range of atomic attractions has made the hypothesis in its original form untenable, but it rendered great services in indicating the direction of further work on the behaviour of metals under stress and focussed attention on the conditions at the boundary between crystal grains.
Bengough's name is chiefly associated with researches on metallic corrosion, a field in which he was one of the most active and original workers. The practical importance to industry of the corrosion of metals is very great, as the wastage of metals in many situations calls for frequent renewal, whilst the life of exposed structures, such as bridges and the hulls of ships, depends on repeated painting. Many factors are involved in corrosion, and to investigate any specific instance is often difficult owing to some obscure factor which was not reported on account of its seeming unimportance. Bengough's attention was drawn to the subject when the Institute of Metals set up a committee in 1910 to enquire into the conditions causing the failure of brass condenser tubes in ships and in land power-stations, and in 1911 he became official investigator to that committee. These tubes were usually of brass containing 70 per cent of copper and 30 per cent of zinc, a small part of the zinc being sometimes replaced by tin or lead. One surface of such a tube is in contact with steam and the other with rapidly moving water. Some degree of corrosion on the water side is inevit able, especially when sea water is used, and when the attack takes the form of the progressive removal of a uniform layer of metal from the surface, the thinning of the tube is so slow that a life of up to fifty years is to be expected. More often the corrosion is local and takes the form of 'pitting', which may lead to complete perforation of the tube in one or more places in a very short time, although the total quantity of metal removed may be small. Bengough was invited to undertake a systematic study of the corrosion of marine condenser tubes. Types of attack leading to rapid failure had become more frequent in the years immediately preceding the experiments, probably owing to the use of higher vacua and to higher water speeds.
The first Report outlined a programme of laboratory work and included a description of a model condenser for experiments on a small scale. The second Report brought out the distinction between general and selective corrosion. The view was adopted that corrosion was essentially an electrochemical process. It was shown that variations in the chemical composition and metallographic structure of the tubes, when of the usual kind of brass, were relatively un important, but that the replacement of a part of the zinc by 1 per cent of tin (70:29:1) or 2 per cent of lead (70:28:2) had distinct advantages. Various G uy Dunstan Bengough iyi recommendations were made as to the control of temperature and of the rate of flow of water through the tubes in service.
When the war began in 1914 Bengough was gazetted to the Royal Garrison Artillery, and in 1915-1916 he was Captain and Adjutant to the Commandant, R.A. Mersey Defences, but in 1916 he was seconded for research work at the request of the Admiralty and did similar work for the Royal Flying Corps. On returning to civil life he resumed work for the Corrosion Committee, the third Report of which had been, owing to his absence, mainly the work of his collaborators.
When he resumed these investigations after the war it was found necessary to go back more nearly to first principles and to study the behaviour of zinc and copper under corrosive influences in order to throw light on that of brass. The work was now proceeding in the Imperial College, and a principal aim was to determine the conditions which lead to pitting or other forms of local attack on the tubes, as distinguished from the much less harmful general corrosion. It became evident that the process was largely determined by the nature and distribution of the products of corrosion, such as insoluble basic salts. If these accumulated locally they would screen the metal and protect it from further attack. This effect was most readily followed in zinc, but could also be observed in copper, the conditions varying with the state of the tarnish film of oxide originally present on the metal and to some extent protecting it. This also applied to brass, and one means of protection was found to be a controlled oxidation by heating in air so as to produce a closely adherent film of oxide. The action of an external E.M .F., maintaining a cathodic condition on the tube during use, was mainly protective through assisting the deposition of a thin layer of calcium carbonate from the salts usually present in industrial and sea water. A calcium carbonate layer of irregular thickness, however, was sometimes found to accelerate corrosion by localizing it.
Further work was done on the differences between the general thinning of the tube and local pitting. General attack is too slow to be important except at land stations where an acid water is used, preventing the deposition of a protective scale of carbonate. Local attack was always associated with the deposition of basic salts of zinc, and the apparent preferential solution of zinc, leaving a plug of porous copper, was attributed to solution of both metals followed by the redeposition of copper as a pseudomorph. The resistance of tubes to corrosion was shown to be determined largely by the conditions to which they were exposed during the first few days of active life. If in that time a closely adherent film could be built up corrosion was less likely to be serious, but with an imperfect film the attack might begin almost at once. The sixth Report insisted that corrosion was not necessarily an electrochemical process, but that direct oxidation and dissolution in water could both play a part, so that no simple theory covering all the facts could be expected. Glass models enabled turbulence and the behaviour of entangled air to be studied, and these were shown to be important factors in the corrosion of condenser tubes. Air might enter from leaks or be liberated from solution, and foaming was found to be more harmful than large bubbles. As might be expected, estuary waters containing an accumulation of sulphur compounds proved to be very destructive. A detailed study was made of the texture of the various deposits of salts formed by corrosion. In the earlier work some doubt had been expressed as to the influence of accumulations of loose solids such as sand or particles of coke on the corrosion of the brass immediately beneath them. In the later work this was found to be real, and the explanation offered by U. R. Evans was adopted, according to which the accumulation of foreign matter, by screening the metal from access of oxygen, rendered it anodic, so that local corrosion occurred. The product was cuprous oxide, formed by the decom position of cuprous chloride in regions of low concentrations of oxygen. At the bare cathodic areas cupric oxychloride and hydroxide were deposited. Practical suggestions were made for increasing the life of condenser tubes, especially in land plants, where the conditions could be more completely controlled than on ships.
The seventh Report of the Institute of Metals Committee was the last with which Bengough was connected. It had become clear that even after ten years devoted to a single problem, the corrosion of brass condenser tubes, a complete solution had not been obtained, and the Department of Scientific and Industrial Research therefore decided that its support should be given to a more funda mental attack on the problem of corrosion in general. The long series of experi ments by Bengough and his collaborators has been of great value to later workers. The search for materials for tubes with greater resistance to the severe conditions in marine condensers was successful, and condenser tube failure became a less alarming problem than it had been. The examination of condenser tubes was continued for some time longer by another group of workers before handing it over to the British Non-Ferrous Metals Research Association, whilst Bengough was able to concentrate on laboratory experiments with a wider object. The results were communicated in a series of papers in the Proceedings of the Royal Society, and the work was greatly facilitated when Bengough was transferred in 1928 from the Imperial College to the newly established Chemical Research Laboratory of the D.S.I.R. at Teddington. Here he was able to equip a laboratory for the special study of corrosion and to gather around him a group of research workers. He directed the department until his retirement in 1936 and remained in association with it as a consultant.
During the Teddington period Bengough's most important contributions to the study of corrosion were in the design of apparatus and of experimental methods which would allow of exact quantitative measurements under strictly controlled conditions. By far the greater part of the published work on metallic corrosion-and few branches "of chemistry have such a voluminous literature -described experiments which are either purely qualitative or include quantita tive measurements of a low order of accuracy under very loosely defined conditions. The first experiments in the new series were made with zinc, the progress of attack by an electrolyte being followed by measuring the rate of absorption of oxygen in a closed apparatus, this method being selected after a critical comparison between the various methods in use, such as the deter mination of the loss of weight. Bengough devised apparatus capable of high precision. A slow attack on zinc was observed even with the purest metals and 'conductivity' water. After a preliminary period the absorption of oxygen became an exponential function of the time, but later there was a change in the form of the curve owing to local blocking by the products of corrosion. With only a limited supply of oxygen the middle part of the curve was linear. With potassium chloride solutions of concentration greater than N /10000 about one-tenth of the action was due to the hydrogen evolution form of attack. The oxygen absorption and loss of weight methods gave results in fairly close agreement. All these experiments were made in closed vessels with a limited volume of liquid, so that the active ions were gradually exhausted, and the results could not be considered as applicable to corrosion in presence of unlimited quantities of liquid, as in immersion in the sea. When the con ditions were maintained constant duplicate experiments were found to agree within ± 1 per cent, a much higher degree of reproducibility than in most work on corrosion.
In the fourth paper of the series account was taken of the depth of immersion and of the concentration of the electrolyte and special attention was given to the character of the corrosion products. The work was then extended to mild steel and again the distribution of corrosion was found to be determined by the nature and distribution of the solid or gelatinous products, forming a mechanical obstruction to the entrance of ions into solution. These conclusions led to a controversy between the authors and U. R. Evans, who had attributed the distribution of corrosion on zinc and iron mainly to the arrangement of aerated and relatively unaerated parts of the metal surface, those areas to which oxygen had least access becoming anodic and therefore attacked. Under the special conditions of his experiments, however, Bengough found that access of oxygen often produced the contrary effect, so that when the distribution of oxygen was not uniform, corrosion was greatest at those points to which it had the fullest access. A long series of experiments on pure iron and mild steel led him to conclude that differential aeration was a relatively unimportant factor, and that corrosion might be greater or less in the regions most accessible to oxygen as other conditions varied. It was evident that the differences between the two groups of investigators, each obtaining consistent results by its chosen method, was due to the fact that they were not studying the same phenomena. In 1938 it was decided to issue a joint statement by the two groups on points as to which they were agreed. Corrosion in presence of liquid was regarded as electrochemical and the course of the process was mainly determined by the nature of the products. When the compounds formed at both anode and cathode are freely soluble, attack is rapid. A sparingly soluble product at the cathode tends to check further action, the comparatively hard combination of calcium carbonate and iron rust produced by local alkalinity often being protective. An insoluble anodic product may stifle corrosion, but in some instances, as when sodium hydroxide is added to a sodium chloride solution in quantity just insufficient to inhibit corrosion the area of attack may be diminished with intensification-of attack on the smaller area, causing pitting. Oxygen was regarded mainly as a cathodic depolarizer. As an example of the effect of varying conditions of oxygen supply it was noted that an iron specimen giving a yellow rust in a broad beaker would produce magnetite in a narrow tube. Small drops of water of a N/1000 potassium-chloride solution showed attack by fewer drops when the surrounding pressure of gaseous oxygen was increased, but the attack underneath those drops was intensified. The import ance of protective films of oxide was recognized and their character was shown to depend on the state of polish or abrasion of the surface before exposure. With partly immersed specimens an uncorroded zone was usually found at the water line, with corrosion occurring a little lower down, this being attributed to cathodic depolarization by oxygen, but when the attack spread upwards from below it might become most intense at the water line, this being most liable to occur when there was just enough alkali present to inhibit direct attack. Under the conditions employed by the two groups of investigators the purity of the metals examined had little effect on the rate of corrosion but affected the distribution of attack. This factor is important in practice.
In 1928 the Iron and Steel Institute also established a committee on corrosion which became one of the committees of the Iron and Steel Industrial Research Council, and in 1936 and the following year Bengough and F. Wormwell submitted recommendations for standard forms of test to be used in comparing the resistance to corrosion of different steels. They recommended an oxygen absorption method, using stagnanisolutions at atmospheric temperature. For work on marine corrosion, especially for the comparison of the protective effect of paints, an apparatus was devised in which samples were continuously rotated in sea water. The test could be greatly accelerated by increasing the pressure of oxygen above the solution. Bengough was an active member of this committee and his colleagues, under his inspiration, also did most valuable work on corrosion under different conditions of exposure.
Most of Bengough's work on corrosion had dealt either with brass or with iron and steel, zinc being much used for the study of insoluble products. It was natural, however, that his attention should be called to the light metals, and in this field his researches led to important practical results, especially with aluminium and its alloys. Although the film of oxide formed on aluminium by exposure to air is highly protective under ordinary conditions, it is not good enough for aircraft and similar uses, and a stronger and much thicker film has to be produced. Dipping in solutions of chromates or silicates had been applied, but the resistance of the films left much to be desired. In 1923 Bengough and Stuart devised the method of anodic protection, using a 3 per cent solution of chromic acid at about 40° C. with graphite cathodes, the E.M.F. being gradually raised during the application of the current, finally reaching 50 volts. This method of protection is very advantageous when articles of irregular shape are being treated. The anodic coating offers a high resistance to the current, so that when the prominent parts have been coated the current is automatically G uy Dunstan Bengough iyr diverted to the recessed parts; thus what platers call the 'throwing power' is high. The anodically formed oxide layer will absorb various materials, and protection is increased by coating with lanoline or, for more permanent resist ance, with a synthetic resin enamel. It also absorbs dyes, and the process has been much used to produce ornamental objects and for interior decoration. A fine glossy black is particularly effective and is much used for the metallic cases of instruments, etc. The alloys of aluminium may be treated as well as the pure metal, provided that the proportion of copper is not too high. The oxide deposit is very hard. Other anodic processes have been introduced since, using sulphuric or oxalic acid instead of chromic, but the original Bengough and Stuart processes have great advantages and are extensively used.
Magnesium, from its position in the electrochemical series, might be expected to be highly corrodible, but in practice magnesium and its alloys show a quite remarkable degree of resistance to ordinary atmospheric corrosion, the film of carbonate which quickly forms giving protection. Salt spray or salt particles, however, quickly break down the film, and this was a serious obstacle in the way of using the otherwise highly suitable alloys of magnesium in aircraft. Many protective solutions have been tried, and Bengough successfully used baths containing selenious acid and sodium chloride, which deposit a thin layer of selenium on the metal or alloy. The coating did not prove adequate in itself to protect against corrosion, but it formed a valuable foundation for painting or lacquering. In the course of the work it was found that specimens which had been coated by most processes showed a considerable loss of ductility under conditions which produced neither visible attack nor loss of weight. The selenious acid process has not been generally adopted, partly because the solution deteriorates in use and is not easily regenerated, but it was interesting from its novelty and from the fact that the coating is to some extent self-healing, as, if the surface be scratched, the hydrogen selenide pro duced by the decomposition of magnesium selenide at pores deposits fresh selenium on the exposed metal. In a later modification of the process the bath contains sodium selenite and phosphoric acid.
In 1925 the question of setting up standard tests for resistance to corrosion, which had been proposed by the American Society for Testing Materials, was considered by the British Non-Ferrous Metals Research Association, and a joint memorandum was drawn up by Bengough and U. R. Evans. The use of an external E.M .F. was deprecated and it was maintained that an accelerated test should always consist in the intensification of the adverse factors present under service conditions rather than in the introduction of a new factor. Loss of weight tests were rejected on the ground that the most harmful forms of corrosion consisted of pitting, which might lead to perforation although the total quantity of metal removed might be small. A purely empirical test was suggested, consisting in the use of the actual liquid to which the metals would be exposed in service, the specimens to be compared being clamped at the top and half immersed. The observations would be purely qualitative, the localization of attack and the nature of the films or incrustations of the products of corrosion being noted. S ich tests were recommended as being more informa tive than the more rigidly specified tests proposed by various committees, or than the widely used test of exposure to salt spray.
When a sub-committee of the Corrosion Committee was set up in 1938 to deal with marine corrosion Bengough became an active member and later chairman. It soon became clear that the corrosion of ship plating was intimately connected with fouling by marine organisms, and that the use of both anti corrosive and anti-fouling paints on the same plates introduced complications into the problem. The biological side of the work was entirely new to him, but he soon familiarized himself with the conditions and became very active in the task of correlating laboratory tests with the experience of shipbuilders and shipowners. This involved co-operation with biological research workers and many visits to study the conditions of fouling in different ports and also close attention to the exposure tests with experimental rafts carried out for the sub-committee. The work included many journeys to exposed sites, often very exhausting, and his health undoubtedly suffered in consequence. In November 1944 he contracted pneumonia when visiting ships in Middlesbrough during severe weather, and although he rallied from this and returned to his work he became subject to recurring attacks of pain and haemorrhage and had to be treated in nursing homes. A stay of nine weeks at St Leonards improved his health, but the end came rather unexpectedly. He was buried at Hollingbourne, Kent, where he had spent most of his childhood. Mrs Bengough, who was Constance Helen, daughter of the late Lieutenant-Colonel Jelf-Sharp, of Kincarrathie, Perthshire, survives him.
Military in appearance and nearly six feet five inches in height, Bengough delighted in outdoor sports, including golf, lawn tennis, mountaineering, rowing (having rowed in his College boat) and swimming. He was also an expert dancer and amateur actor. He gave an impression of robust health, but in the years between the wars he had severe bouts of sciatica which disabled him at times and forced him to try change of climate. Some years before his death, having disposed of the Kentish house, which was too large, he bought an old estate in Highgate Village, with two acres of unusually beautiful garden. Here he built a house and devoted much of his time to gardening, especially to rock gardening and the growing of rhododendrons. During the raids on London an oil bomb struck the garden, and Mrs Bengough was seriously injured by flying rock fragments.
The history of research on corrosion is a long record of controversies, and Bengough did not escape them. While strongly defending his own views and criticizing those of others, he was always entirely courteous in his expression of them; and he was an excellent chairman. In that capacity he served also on committees of the British Standards Institution dealing with the analysis and control of boiler waters. This involved a great deal of work of a kind which is little known except to those who serve on such committees. Nothing was too much trouble for him, and his opinions were always received with the respect and attention due to one who devoted himself so whole-heartedly to a single subject of both scientific and industrial importance. His presence at scientific gatherings was always welcome, and he had many friends.
Bengough was admitted to the Royal Society in 1938. He bequeathed a legacy of £1000 to the Royal Society.
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